Background: Ribonucleotides in DNA are associated with genome instability. Results: Human DNA polymerase ⑀ catalyzes efficient incorporation of ribonucleotides and extension from primers terminating in multiple consecutive ribonucleotides. Conclusion: Human DNA polymerase ⑀ is able to extend ribonucleotide-terminal primers through a reduction in its proofreading activity. Significance: Leading strand replication may have a unique relationship to ribonucleotides, RNA, and genome stability.
Replicative DNA polymerases (Pols) help to maintain the high fidelity of replication in large part through their strong selectivity against mispaired deoxyribonucleotides. It has recently been demonstrated that several replicative Pols from yeast have surprisingly low selectivity for deoxyribonucleotides over their analogous ribonucleotides. In human cells, ribonucleotides are found in great abundance over deoxyribonucleotides, raising the possibility that ribonucleotides are incorporated in the human genome at significant levels during normal cellular functions. To address this possibility, the ability of human DNA polymerase ⑀ to incorporate ribonucleotides was tested. At physiological concentrations of nucleotides, human Pol ⑀ readily inserts and extends from incorporated ribonucleotides. Almost half of inserted ribonucleotides escape proofreading by 3 3 5 exonuclease-proficient Pol ⑀, indicating that ribonucleotide incorporation by Pol ⑀ is likely a significant event in human cells. Human Pol ⑀ is also efficient at extending from primers terminating in up to five consecutive ribonucleotides. This efficient extension appears to result from reduced exonuclease activity on primers containing consecutive 3-terminal ribonucleotides. These biochemical properties suggest that Pol ⑀ is a likely source of ribonucleotides in human genomic DNA.
Replication of the eukaryotic nuclear genome is carried out primarily by three DNA polymerases (Pols), 2 ␣, ␦, and ⑀ (1, 2). These enzymes help to ensure accurate genome duplication by maintaining a high degree of selectivity for the correctly basepaired incoming dNTP over the incorrectly base-paired dNTP (3) . Replicative Pols were believed to select against ribonucleotides to such a high degree that incorporation in vivo was thought to be negligible. However, recent studies have demonstrated that the yeast replicative Pols do incorporate ribonucleotides efficiently both in vitro and in vivo (4, 5) . Furthermore, human Pol ␥, the sole polymerase responsible for replicating the mitochondrial genome, has also been shown to efficiently incorporate ribonucleotides (6) . Underscoring the differences in sugar selectivity by DNA Pols, human Pol ␤, a critical repair polymerase, inserts ribonucleotides 10,000 times less efficiently than deoxyribonucleotides (7) . Given the three billion nucleotides of the human genome, the ability to incorporate ribonucleotides during replication could have profound effects on genome stability. Yet to date, the ribonucleotide selectivity of a human nuclear replicative DNA polymerase has not been studied. In eukaryotic cells, the level of a particular NTP exceeds that of its cognate dNTP by anywhere from 10-to 2000-fold (8 -10) . The relative abundance depends on which nucleotide is being compared in which organism. In a survey of a wide variety of mammalian cell types both in cell culture and in tissues, the observed NTP/dNTP ratios ranged between 9.6 and 130 (10) . A more recent analysis of cultured human cells generally agreed with these observations (8) .
The sugar selectivity values of DNA polymerases (or the NTP/dNTP incorporation ratio) range over 6 orders of magnitude depending on the Pol studied and the measurement technique used (11) . For example, Pol has a sugar selectivity value for the dT/rU pair of 10 1 , whereas phage 29 Pol has a sugar selectivity value of almost 10 7 for the same pair. Underscoring the importance of preventing the large scale incorporation of ribonucleotides into genomic DNA, Pols from all families contain residues capable of minimizing NTP binding and insertion into DNA. The primary determinant of ribonucleotide discrimination has been called the steric gate (12) . Although the steric gate is a glutamate in Family A Pols, it can be either a tyrosine or phenylalanine in Family Y Pols. Sugar discrimination in Family X Pols is more complicated and involves interactions with the peptide backbone rather than steric clashes with side chains (7, 13-15).
All B family DNA polymerases contain a conserved tyrosine whose bulk causes a steric clash with the 2Ј-OH on the ribose. This includes Pol ⑀ where substitution of the steric gate tyrosine with alanine leads to a dramatic reduction in yeast growth, although the effects of this substitution on sugar selection are unknown (16) . Active site mutants in yeast Pol ⑀ that displayed reduced ribonucleotide selectivity in vitro also showed an increase in alkaline-sensitive genomic DNA in vivo, indicative of ribonucleotide incorporation during cellular growth (4). These mutant alleles give rise to a mutator phenotype characterized by short 2-5-bp deletions in perfect or imperfect direct repeat sequences. This same error specificity is observed at sites of high transcription in a topoisomerase I-dependent manner (17, 18) and when topoisomerase I processes incorporated ribonucleotides (19) .
The majority of RNase H activity in eukaryotes is carried out by RNase H2, a three-subunit enzyme (20) . RNase H2 hydrolyzes RNA-DNA hybrids and importantly is the only enzyme known to specifically remove single ribonucleotides from RNA-DNA duplexes (21, 22) . Impairing the removal of ribonucleotides from genomic DNA by inactivating RNase H2 is not lethal in yeast but causes a mutator phenotype (19, 23, 24) . RNase H2 is essential for mammalian development, however, and cells lacking RNase H2 contain increased genomic ribonucleotides and DNA damage response activation (25, 26) . In humans, mutation in any of the three RNase H2 subunits results in Aicardi-Goutières syndrome, a neurological disorder with phenotypic characteristics mimicking chronic viral infection (27) . Some disease mutant alleles of RNase H2 have been shown to possess reduced removal of rNMPs from DNA in vitro (28, 29) . Removal of ribonucleotides from genomic DNA is also critical to prevent slowing in S phase and the elevation of dNTP pools, which are indicative of replication stress (4, 30) .
We report here the ability of human DNA polymerase ⑀ to efficiently incorporate ribonucleotides at physiological nucleotide concentrations. With its proofreading function intact, 3Ј 3 5Ј exonuclease-proficient Pol ⑀ is still able to extend from almost half of the incorporated ribonucleotides. Exonucleaseproficient human Pol ⑀ is also able to efficiently extend from multiple consecutive ribonucleotides at the 3Ј primer terminus. Pol ⑀ exonuclease activity is reduced by the presence of increasing numbers of ribonucleotides at the primer terminus.
EXPERIMENTAL PROCEDURES
Materials-Unmodified oligonucleotides were purchased from Invitrogen, and modified oligonucleotides from Midland Certified Reagent Co. (Midland, TX). Oligonucleotides were purified using PAGE. Deoxyribonucleotides and ribonucleotides were purchased from Roche Applied Science, and both were of the highest purity available. The catalytic fragment of wild-type and exonuclease-deficient human Pol ⑀ was expressed and purified as described previously (31) .
NTP Incorporation Assays-Primer oligonucleotides were 5Ј-radiolabeled as described (31) . Briefly, the primer was incubated with T4 polynucleotide kinase (Invitrogen) and ␥-32 Plabeled ATP (PerkinElmer Life Sciences) for 30 min at 37°C. Unincorporated 32 P was separated by passage over an Illustra MicroSpin G-25 column (GE Healthcare), and the purified radiolabeled primer was then annealed to a complementary 45-mer DNA oligonucleotide at a final concentration of 2 M. For paired single nucleotide incorporation assays, the following primer oligonucleotides were used: for rCTP ϩ dA/G/TTP and for dATP/rATP, 5Ј-CCTCTTCGCTATTACGCC-3Ј; for dGTP/rGTP and dTTP/rUTP, 5Ј-CCTCTTCGCTATTACG-CCA-3Ј; and for dCTP/rCTP, 5Ј-CCTCTTCGCTATTACGC-CAG-3Ј. The following template oligonucleotides were used: for dATP/rATP, dCTP/rCTP, and dGTP/rGTP, 5Ј-TTGCAG-CACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAG-AGG-3Ј, and for dTTP/rUTP, 5Ј-TTGCAGCACATCCCCCT-TTCGCCAGATGGCGTAATAGCGAAGAGG-3Ј. Reaction mixtures (30 l) contained 50 mM Tris, pH 7.4, 8 mM MgCl 2 , 1 mM DTT, 10% glycerol, 100 nM DNA primer-template, and varying concentrations of the indicated dNTP or NTP (Table  1) . Reactions were carried out at 37°C and started by the addition of the indicated amounts of enzyme. Aliquots were removed at the indicated times and stopped by the addition of an equal volume of 95% formamide followed by incubation for 5 min at 95°C, chilling on ice, and analysis by denaturing PAGE. The gels were then dried, exposed to a phosphorimaging screen, and scanned using a Typhoon Trioϩ Imager (GE Healthcare). Nucleotide incorporation was quantitated using ImageQuant5.2 software (GE Healthcare). Nucleotide discrimination factors were calculated using the following equation.
rUMP Bypass Assays-An 18-mer oligonucleotide, 5Ј-CCT-CTTCGCTATTACGCC-3Ј, was 5Ј-end-labeled with 32 P using T4 polynucleotide kinase as described above and hybridized to a 45-mer containing rUMP at the position highlighted in parentheses, 5Ј-TTGCAGCACATCCCCCTTTCGCCAG(rU)TG-GCGTAATAGCGAAGAGG-3Ј. Reaction mixtures (30 l) contained 50 mM Tris, pH 7.4, 8 mM MgCl 2 , 1 mM DTT, 10% glycerol, 250 M each dNTP, and 100 nM DNA primer-template. Reactions were started by the addition of 1 nM Pol ⑀ and carried out at 37°C. Nucleotide incorporation was quantitated by measuring band intensities using a phosphorimaging system. These values were used to determine bypass efficiencies past uracil as described (32) . Briefly, bypass probabilities were calculated by dividing the sum of band intensities for products of synthesis past uracil (ϾN ϩ 2) by the sum of band intensities for products that initiated synthesis (ϾN) where N is the unreacted primer and N ϩ 2 is uracil or the equivalent position on the undamaged substrate. Bypass efficiency was calculated by dividing the uracil bypass probability by the bypass probability calculated for the same site on the undamaged substrate. Termination probabilities were calculated as the band intensity at any site, n, divided by the sum of band intensities at all positions Նn. Table 2 were used to measure extension and excision from 3Ј-terminal ribonucleotides. Reaction mixtures (30 l) to measure extension contained 50 mM Tris, pH 7.4, 8 mM MgCl 2 , 1 mM DTT, 10% glycerol, 25 M each dNTP, and 100 nM DNA primer-template. Reaction mixtures to measure excision were identical except dNTPs were withheld. Reactions were started by the addition of 10 nM Pol ⑀ and carried out at 37°C.
Ribonucleotide Primer Extension and Excision Assays-The oligonucleotides listed in
Single Turnover Kinetic Assays of Primer Excision-Each DNA substrate listed in Table 2 with an increasing number of primer 3Ј-terminal ribonucleotides was used to measure the excision rate by wild-type Pol ⑀.
A preincubated solution of 300 nM wild-type Pol ⑀ and 30 nM 5Ј-radioactively labeled DNA in the buffer (50 mM Tris, pH 7.4, 1 mM DTT, 50 mM NaCl, 10 M EDTA, 1ϫ BSA, and 10% glycerol) was rapidly mixed with an equal volume of the same buffer solution containing additional 16 mM MgCl 2 at 37°C in a rapid chemical quench flow apparatus (KinTek Corp., Snow Shoe, PA), resulting in final reaction concentrations of 150 nM wild-type Pol ⑀, 15 nM DNA, and 8 mM MgCl 2 . Reactions were terminated by the addition of 0.37 M EDTA after various times. The reaction mixtures were separated by sequencing gel electrophoresis. The plot of product concentrations versus reaction times was fit to the following equation.
where A and k exo represent the reaction amplitude and observed DNA excision rate, respectively.
RESULTS

Insertion and Extension of Ribonucleotides by Human Pol ⑀-
Several eukaryotic DNA polymerases have recently been shown to incorporate ribonucleotides with varying degrees of efficiency (4 -6). However, little is known about the ability of any human nuclear replicative DNA polymerase to incorporate ribonucleotides. To address this lack of knowledge, we first asked whether human Pol ⑀ was able to insert a ribonucleotide during processive synthesis. For human Pol ⑀, we used the N-terminal 140-kDa fragment that we characterized previously (31) . We used a 32 P-5Ј-end-labeled 18-mer DNA oligo hybridized to a 45-mer DNA oligo (Table 2, R0) containing four template G residues distributed throughout ( Fig. 1 ). When human Pol ⑀ was incubated with only three dNTPs, dATP, dGTP, and dTTP, the polymerase was unable to carry out efficient DNA synthesis to the end of the template due to the absence of dCTP. Pol ⑀ was able to insert incorrectly base-paired dNTPs opposite template G, albeit inefficiently, as evidenced by products terminating with insertion opposite and past template Gs (Fig. 1, ϪrCTP) . When rCTP was included as the sole source of cytosine in the reaction, fully extended products were observed (Fig. 1, ϩrCTP) , indicating incorporation of rCMP by human Pol ⑀. To verify that these products were due to rCMP incorporation, we incubated the products with 0.3 M KOH at 55°C, which cleaves ribonucleotides via alkaline hydrolysis. Products resulting from ribonucleotide hydrolysis leave a 3Ј-phosphate, not an entire nucleotide, and are not expected to align with the ladder of unmodified bases. We observed cleavage products specific to alkaline hydrolysis predominantly at template G sites (Fig. 1 , black 
DNA Sequence
FIGURE 1. Incorporation of rCTP by human Pol ⑀. Purified ExoϪ human Pol ⑀ (1 nM) was incubated with 18-mer/45-mer substrate (100 nM) for 10 min at 37°C in the presence of a 250 M concentration of each of dATP, dGTP, and dTTP. The rCTP nucleotide was either withheld (ϪrCTP) or added at 250 M (ϩrCTP). These reaction products were incubated with either 300 mM KCl or 300 mM KOH for 2 h at 55°C. Products were resolved on a 12% denaturing gel.
Black arrowheads indicate extension products containing incorporated rNMPs that were hydrolyzed by alkaline treatment. The template sequence is shown to the right.
Ribonucleotide Insertion and Extension by Human DNA Pol ⑀ DECEMBER 14, 2012 • VOLUME 287 • NUMBER 51 arrowheads). Concomitant with the appearance of the alkaline cleavage products, we saw a corresponding decrease in full-length products, suggesting that Pol ⑀ was able to fully extend past the incorporated rCMP. Ribonucleotide Selectivity of Human Pol ⑀-Because ribonucleotides are in 10-to 100-fold excess over their deoxyribonucleotide equivalents in vivo (8, 10) and because human Pol ⑀ is able to incorporate ribonucleotides during polymerization, we next addressed the intrinsic selectivity of human Pol ⑀ for deoxyribonucleotides over ribonucleotides for each pair. We used four different primer-template pairs that allow observation of a single nucleotide incorporation event with each one of the four bases separately. The ribonucleotide or deoxyribonucleotide was added at the observed physiological concentration (Table 1) , whereas the enzyme concentration was varied to allow observation of nucleotide incorporation under single hit conditions (33) . These are conditions in which substrate is present in excess so that DNA synthesis can be measured during a single polymerase binding event. We quantified the insertion of each nucleotide at physiological concentrations ( Fig. 2A) . The 2Ј-OH present in the ribonucleotide causes the rNMP insertion product to migrate more slowly than the equivalent dNMP insertion product on a denaturing polyacrylamide gel. Based on the amount of nucleotide incorporated, the relative nucleotide concentrations, the enzyme concentrations, and times used, we were able to calculate the intrinsic nucleotide selectivity values for each base (Fig. 2B, red circles) . Human Pol ⑀ preferred to insert dTTP over the ribonucleotide analog, rUTP, by only 210-fold. This result is similar to the 300-fold discrimination observed between dGTP and rGTP and between dCTP and rCTP. Incorporation of rATP was more strongly selected against with a calculated discrimination factor of 5300-fold.
These discrimination values are similar to those reported for the yeast Pol ⑀ (Fig. 2B, blue squares ; yeast values were taken from McElhinny et al. (5)) with the exception of the dTTPrUTP value where human Pol ⑀ was 34-fold less selective against the ribonucleotide. Pol ⑀ discrimination against each ribonucleotide was in the order rA Ͼ rC Х rG Х rU.
Bypass of a Ribonucleotide during DNA Synthesis-The ability of yeast replicative DNA polymerases to insert ribonucleotides in vitro correlates with their ability to do so in vivo (4, 34) . If left unrepaired, these ribonucleotides would remain in the template strand during subsequent rounds of replication, potentially blocking nascent DNA synthesis. Because human Pol ⑀ is able to incorporate ribonucleotides in vitro, we asked what the consequences were for DNA synthesis past a template ribonucleotide by measuring the bypass efficiency of DNA synthesis past a site-specific template ribouracil (32, 35) under conditions where each substrate molecule was estimated to encounter at most one active DNA polymerase molecule (Fig. 3) . When synthesis past rU was compared with the undamaged template, the bypass efficiency was calculated to be 66%, indicating that human Pol ⑀ bypassed a single rU nucleotide in the template strand under the reaction conditions used.
The termination probability for Pol ⑀ one nucleotide after insertion opposite the uracil (N ϩ 3) was 40%, 10-fold higher than at the same site in the undamaged substrate. The termination probability for Pol ⑀ four nucleotides after insertion opposite the uracil (N ϩ 6) was 24%, 3.4-fold higher than the same position in the undamaged substrate. Both results indicate that although Pol ⑀ can efficiently bypass uracil in the template it can still detect rU at a distance from the active site. Extension from a 3Ј-Terminal Ribonucleotide: Exonucleasedeficient Pol ⑀-We then asked whether human Pol ⑀ was able to extend from an incorporated ribonucleotide. We used a 20-mer oligonucleotide consisting of 19 deoxyribonucleotides with a single terminal ribonucleotide. Using an rGMP primer terminus, we observed highly processive synthesis during single hit conditions (Fig. 4, left panel) . Although this indicates that the terminal 2Ј-OH group did not impede processive DNA synthesis, we observed a pause site at the n ϩ 4 position. To ensure that the observed products were truly extended from the rNMP at the primer terminus, we incubated reaction products with KOH. We observed appearance of an alkaline cleavage product migrating slightly faster than the unreacted primer. This band is the product of alkaline hydrolysis of the ribonucleotide-containing extension product, resulting in a 20-mer with a terminal 3Ј-phosphate group. The appearance of this band also correlated with complete disappearance of both the fully extended and n ϩ 4 products. This indicates that the Pol ⑀ reaction products resulted from the extension of the rG-terminal oligonucleotide. To determine whether the nature of the base at the 3Ј terminus affected the ability of Pol ⑀ to extend, we repeated these reactions using a primer terminating in rU. We observed no differences in processive synthesis, the n ϩ 4 pause product, or the alkaline sensitivities of either (Fig. 4, right panel) .
Extension from a 3Ј-Terminal Ribonucleotide: Exonucleaseproficient Pol ⑀-Endogenous human Pol ⑀ retains a 3Ј 3 5Ј exonuclease activity capable of proofreading incorrectly inserted nucleotides (31, 36) . It remains unknown, however, how efficiently the enzyme proofreads ribonucleotides. We asked how the proofreading function of Pol ⑀ affects extension from an oligonucleotide terminating in a 3Ј-ribonucleotide.
Upon binding of exonuclease-proficient Pol ⑀ to the ribonucleotide-terminal substrate, one of several productive outcomes can potentially occur: excision, excision followed by DNA synthesis, or DNA synthesis directly from the rNMP primer terminus. Excision results in products of n Ϫ 1 or shorter length. Excision followed by synthesis and extension directly from the ribonucleotide both result in products greater than n in length. To distinguish between these two outcomes, we treated the reaction products with KOH. Products resulting from direct extension from the rNMP terminus retain the alkaline-sensitive ribonucleotide. Upon KOH treatment, these direct extension products are resolved to a species (Fig. 5, black  arrowhead) that migrates between the unreacted rNMP-terminal primer and the n Ϫ 1 excision product (Fig. 5, white arrowhead) . This product of alkaline hydrolysis is a 20-mer that contains a 3Ј-phosphate group, causing it to migrate slightly faster than the unhydrolyzed R1 20-mer. Products resulting from excision followed by DNA synthesis do not contain any ribonucleotides and are resistant to alkaline hydrolysis. We thus measured the disappearance of extended reaction products after KOH treatment to determine the relative ability of exonuclease-proficient human Pol ⑀ to extend from primers termi-FIGURE 3. Bypass of template rU by human Pol ⑀. Human Pol ⑀ was incubated with all four dNTPs at 25 M each and 100 nM substrate containing either entirely template deoxyribonucleotides (undamaged) or a single rUMP at the N ϩ 2 position (rU) where N is the unreacted primer. Reactions were carried out as described under "Experimental Procedures." Reactions were performed at 37°C and started with the addition of 1 nM enzyme, and aliquots were removed at 2, 5, and 10 min (Ј). Control substrate with no enzyme added is shown (Ϫ). Products were resolved on a 12% denaturing acrylamide gel. Bypass probabilities, bypass efficiency, and termination probabilities were calculated as described (see "Experimental Procedures" and Refs. 31 and 32) using the following equations: Bypass probability ϭ ⌺Band intensity (ϾN ϩ 2) / ⌺Band intensity (ϾN) , Bypass efficiency ϭ (Bypass probability rU )/(Bypass probability undamaged ), and Termination probability ϭ Band intensity (n) / ⌺Band intensity (Նn) . nating in a ribonucleotide. These measurements were all done under single hit conditions to ensure that synthesis and/or excision were measured during the course of a single polymerase binding event.
Exonuclease-proficient human Pol ⑀ readily extended from an rGMP-terminal primer (Fig. 5, left) . The appearance of the n Ϫ 1 (white arrowhead) and to a lesser extent n Ϫ 2 and n Ϫ 3 bands indicated that excision also occurred in the presence of dNTPs. When the reaction products were treated with KOH, 52% of the extended reaction products were cleaved (Fig. 5 , compare Cl with OH lanes). This indicated that half of the observed extension products were due to Pol ⑀ extending from an rGMP at the primer terminus. We observed a similar pattern with a rUMP-terminal primer (Fig. 5, right panel) . In this case, 37% of the extended products were alkaline-sensitive.
The ability to efficiently extend from a single ribonucleotide raised the possibility that Pol ⑀ might extend from two and possibly more ribonucleotides. To test this possibility, chimeric primers were made that were identical in sequence to those described above but with increasing numbers of ribonucleotides substituted at the 3Ј-end (Table 2) . We first measured the ability of proofreading-deficient, ExoϪ Pol ⑀ to extend from these primers. Enzyme and substrate concentrations were held constant for all substrates to compare their relative extension efficiencies. ExoϪ human Pol ⑀ was able to extend from each of the ribonucleotide-terminating primers under these identical reaction conditions (Fig. 6A, R1-R5 ). For the R1-R4 substrates, the efficiencies were between 33 and 41% that of extension from the fully DNA-containing primer (Fig. 6A, R0) . The extension products from the each of the rNMP-terminal primers were all completely sensitive to alkaline hydrolysis (Fig. 6A, 10Ј ϩ KOH for each substrate), indicating that the observed products were all extended from ribonucleotide-containing substrates. As expected, the R0 extension products were insensitive to alkaline hydrolysis.
Because terminal ribonucleotides could be excised prior to extension by the proofreading-proficient enzyme, the ability of Exoϩ Pol ⑀ to extend from multiple terminal ribonucleotides was measured. Products resulting from excision alone will migrate faster than the unreacted substrate. Products resulting from extension directly from ribonucleotides will migrate more slowly than the substrate but will be sensitive to alkali and generate faster migrating products after KOH treatment. Products resulting from excision of any ribonucleotide(s) followed by extension without enzyme dissociation will also migrate more slowly than the unreacted substrates but will instead be resistant to alkaline hydrolysis and will remain after KOH treatment. The difference in product intensities before and after alkaline hydrolysis can thus help resolve these different reactions. As with the ExoϪ enzyme, Exoϩ Pol ⑀ was able to extend from each of the ribonucleotide-terminating primers under identical reaction conditions (Fig. 6B, R1-R5 ), and none of the R0 extension products were sensitive to alkali (Fig. 6B, R0 ). As seen above, approximately half of the R1 extension products were sensitive to alkali treatment. The fraction of alkaline-sensitive extension products increased to 95% when the primer terminated in two ribonucleotides. When the primer terminated in three to five ribonucleotides, 100% of the observed extension products were sensitive to alkali. For the R1-R4 substrates, the extension efficiency remained within 1.8-fold of the fully deoxyribonucleotide primer. A 4-fold decrease in extension product formation was observed for the R5 substrate.
To assess the effect of increasing primer terminal ribonucleotides on the 3Ј 3 5Ј exonuclease activity of wild-type Pol ⑀, we determined the primer excision rate with each of the DNA substrates in Table 2 in the absence of dNTPs. Under single turnover kinetic conditions, a rate of excision of 0.86 s Ϫ1 was determined for the correctly paired, dNMP-terminal primer in R0 (Fig. 7A ). This rate increased to 2.8 s Ϫ1 when the same primer terminated with a single ribonucleotide (Table 3) . Further substitutions of two to five ribonucleotides in the primer 3Ј terminus of R2-R5 significantly reduced k exo , which was determined to be 0.15-0.63 s Ϫ1 (Fig. 7B and Table 3 ).
DISCUSSION
We sought to examine the effects of ribonucleotide on the polymerase and exonuclease activities of human Pol ⑀, one of the major human replicative DNA polymerases. We found that human Pol ⑀ is able to readily incorporate each of the four ribonucleotides even when present along with physiologically observed concentrations of dNTPs. This incorporation varied considerably depending on the sequence context. Additionally, we found that human Pol ⑀ is able to efficiently bypass a ribonucleotide in the template. Exonuclease-proficient human Pol ⑀ extended from almost half of incorporated ribonucleotides, highlighting the potential for ribonucleotide incorporation by Pol ⑀ in human cells. Human Pol ⑀ was also able to efficiently extend from multiple consecutive ribonucleotides at the 3Ј Reactions were carried out as described under "Experimental Procedures." Reactions were performed at 37°C and started with the addition of 1 nM enzyme, and aliquots were removed at 1, 2, 5, and 10 min (Ј). Control substrate with no enzyme added is shown (Ϫ Pol ⑀). Products were untreated (Ϫ) or incubated at 55°C for 2 h in either KCl (Cl) or KOH (OH). Products were resolved on a 12% denaturing acrylamide gel. The cleavage product resulting from alkaline hydrolysis of an rNMP-containing extension product is indicated (black arrowhead). Products resulting from 3Ј excision of the substrate by Pol ⑀ are indicated (white arrowhead). All measurements were performed in triplicate with mean values reported. . Pol ⑀ extension from increasing numbers of 3-terminal ribonucleotides. Human Pol ⑀ was incubated with substrates containing primer oligonucleotides with increasing numbers of 3Ј-terminal ribonucleotides (Table 2) . Primers have sequences identical to the fully DNA primers described above (R0) but with one, two, three, four, or five consecutive ribonucleotides at the 3Ј-end (R1-R5). Reactions were carried out at 37°C for the indicated times using 25 M dNTPs, 100 nM substrate, and either 1 nM ExoϪ (A) or Exoϩ Pol ⑀ (B). Unreacted substrates (Ϫ hPol ⑀) were either untreated or treated with KOH to demonstrate alkaline hydrolysis of the ribonucleotide-containing substrates. Aliquots of Pol ⑀ extension products were taken at the indicated times (ϩ hPol ⑀) and treated with either salt (ϩ KCl) or alkali (ϩ KOH). All measurements were performed in triplicate with mean values reported. Ј, minutes.
primer terminus. Substituting ribonucleotides at three or more of the 3Ј-terminal sugars slowed the rate of 3Ј 3 5Ј excision by Pol ⑀. Three factors govern the abundance of ribonucleotides incorporated by an exonuclease-proficient DNA polymerase in vivo. The first factor is the intrinsic selectivity of the polymerase or how well the Pol is able to discriminate between the presence and absence of a 2Ј-OH group on the sugar. The second factor is how efficiently the ribonucleotide now located at the primer terminus is shifted to the exonuclease active site and excised. The third factor is the concentration of each ribonucleotide present in the cell. Higher absolute NTP concentrations as well as high concentrations of NTPs relative to dNTPs will cooperate to increase the probability of NMP incorporation. Studies from different eukaryotic organisms have shown ribonucleotides to be present in great excess over deoxyribonucleotides in cycling cells (5, 8, 10) . In general, dNTPs are present at 5-30 M, whereas NTPs range from 280 to 5400 M. This 10 -350-fold relative abundance of NTPs greatly increases the probability of NTP incorporation in vivo. The situation is even more asymmetric in non-cycling cells with NTPs ranging from 160-to 2000-fold more than dNTPs (8, 10) .
We find that human Pol ⑀ has the lowest discrimination factor for ribonucleotide insertion of any eukaryotic replicative polymerase yet measured. The most extreme difference is observed for insertion of the dT/rU pair. Yeast Pol ␦, the most highly selective of the yeast Pols, discriminates between dT and rU insertion by over 10 6 -fold, whereas yeast Pols ␣ and ⑀ discriminate close to 10 4 -fold each (5) . Human Pol ⑀ discriminates between dT and rU by only 210-fold, a 50-fold decrease over the yeast enzyme. This low discrimination is not confined to the dT/rU pair as similar low factors are observed for the dC/rC and dG/rG pairs. The exception is the dA/rA pair where rA insertion is more strongly discriminated against.
Once a ribonucleotide is inserted, its persistence in genomic DNA will be dictated in large part by how efficiently it is recognized and removed by the exonuclease activity. Previous studies have shown that 29, T4, and T7 Pols each excise primer 3Ј-terminal rNMPs with an efficiency equal to that of removing a terminal dNMP (37, 38) . In comparison, human Pol ⑀ excised 3Ј-terminal rGMP in R1 (Table 2 ) with a 3-fold higher rate (Table 3) than it cleaved a corresponding 3Ј-terminal dGMP in R0 (Table 2 ). When the ribonucleotide was instead placed in the second or third position from the primer terminus, however, the exonuclease activities of T4 and T7 Pols were strongly reduced (38) . This trend was also found with human Pol ⑀ based on significantly lower primer excision rates (Table 3) with DNA substrates R2-R5 (Table 2 ) than with R1. Structural and kinetic studies with T4 DNA Pol suggested that this decrease is due to steric clashes between the 2Ј-OH in the second and third sugars from the primer terminus and amino acid residues. Based on structural data, these residues are unlikely to be repositioned, and this would destabilize single-stranded DNA binding to the Exo active site and reduce excision. The primer terminal 2Ј-OH also clashes sterically with amino acids, but repositioning can be accommodated and allow excision to proceed. Thus, it would be interesting to see how human Pol ⑀ binds to R0 -R5 in their binary or ternary structures.
We found that in the presence of dNTPs human Pol ⑀ is able to recognize and excise up to 50% of 3Ј-terminal ribonucleotides. This means that almost half of all ribonucleotides inserted by human Pol ⑀ in vivo could escape proofreading and require subsequent editing. Yeast Pol ⑀, which has been shown to incorporate ribonucleotides in vivo, shows similar extension properties from single rNMP-containing primers (39) . Excess ribonucleotides incorporated by Pol ⑀ would make genomic DNA more vulnerable to strand breaks and thus might account for the different mutation rates and tumor spectra observed in exonuclease-deficient Pol ⑀ and exonuclease-deficient Pol ␦ mice (40) . Under normal physiological conditions, any ribonucleotides incorporated by the polymerase into the genome are essentially all removed. However, conditions that disrupt the normal equilibrium between insertion and removal cause increased genomic ribonucleotide incorporation and are mutagenic. Yeast mutants that cause elevated levels of genomic rNMPs lead to increases in two-to five-nucleotide deletions in repeat sequences (4, 19) . Persistent ribonucleotides can also disrupt synthesis during subsequent rounds of replication (5) . To help guard against this, RNase H2 is able to recognize and remove rNMPs in duplex DNA. Consequently, conditions that either inactivate RNase H2 or otherwise cause an increase in ribonucleotide incorporation are mutagenic. Because a subset of patients with Aicardi-Goutières syndrome are deficient in RNase H2 (27, 41) , ribonucleotide incorporation associated with Pol ⑀ may play a significant role in disease development. Although RNase H2 physically interacts with proliferating cell nuclear antigen and colocalizes with active replication forks (42) , the mismatch repair system, which corrects replication errors (43) and colocalizes with sites of replication (44), does not appear to correct rNMPs incorporated by Pol ⑀ in yeast (45) .
In addition to ribonucleotide incorporation, the ability of Pol ⑀ to efficiently extend from multiple consecutive ribonucleotides raises questions about the conditions and substrates for this activity in vivo. Pol ⑀ would require access to an RNA hybridized to DNA to carry out this activity. Several replication systems, including the M13 bacteriophage, ColE1 plasmids, and mitochondrial DNA, use RNA primers made by RNA polymerases to initiate DNA replication (46 -48) . Purified Escherichia coli replisome, which includes the replicative DNA polymerase, is able to use the RNA transcript from a co-directional paused RNA polymerase to continue leading strand synthesis (49) . It could be speculated that that this novel property of Pol ⑀ might uniquely position it to enable direct leading strand restart at a replication fork that collides with RNA polymerase transcribing in the same direction, although it should be emphasized that no direct evidence in support of this yet exists. Understanding how human Pol ⑀ incorporates and extends from ribonucleotides in vitro will now enable experiments designed to test the extent to which this occurs in vivo and to examine subsequent physiological consequences.
